Although early diffusion lesion reversal after recanalization treatment of acute ischaemic stroke has been observed in clinical settings, the reversibility of lesions observed by diffusion-weighted imaging remains controversial. Here, we present consistent observations of sustained diffusion lesion reversal after transient middle cerebral artery occlusion in a monkey stroke model. Seven rhesus macaques were subjected to endovascular transient middle cerebral artery occlusion with in-bore reperfusion confirmed by repeated prospective diffusion-weighted imaging. Early diffusion lesion reversal was defined as lesion reversal at 3 h after reperfusion. Sustained diffusion lesion reversal was defined as the difference between the ADC-derived pre-reperfusion maximal ischemic lesion volume (ADC D-P Match ) and the lesion on 4-week follow-up FLAIR magnetic resonance imaging. Diffusion lesions were spatiotemporally assessed using a 3-D voxel-based quantitative technique. The ADC D-P Match was 9.7 AE 6.0% (mean AE SD) and the final infarct was 1.2-6.0% of the volume of the ipsilateral hemisphere. Early diffusion lesion reversal and sustained diffusion lesion reversal were observed in all seven animals, and the calculated percentages compared with their ADC D-P Match ranged from 8.3 to 51.9% (mean AE SD, 26.9 AE 15.3%) and 41.7-77.8% (mean AE SD, 65.4 AE 12.2%), respectively. Substantial sustained diffusion lesion reversal and early reversal were observed in all animals in this monkey model of transient focal cerebral ischaemia.
Introduction
Recent randomized prospective multicentre clinical trials (MR CLEAN, ESCAPE, EXTEND-IA, SWIFT PRIME and REVASCAT) have indicated that rapid intraarterial (IA) treatment benefits functional recovery, with statistically significant volume differences in final infarcts (19 ml in the MR CLEAN and 24.4 ml in the EXTEND-IA trials) between the control group (use of IV alteplase only) and intervention group. [1] [2] [3] The trials revealed a positive relationship between IA treatment and clinical outcome and suggested recovery of ischaemic penumbra. However, they did not present evidence of salvaged tissue or diffusion lesion reversal (DLR).
Diffusion-weighted MR imaging (DWI) is widely used to identify the infarct core in acute ischaemic stroke patients, 4, 5 and diffusion-perfusion mismatch is considered to indicate ischaemic penumbra or salvageable brain tissue. [6] [7] [8] [9] DLR after recanalization treatment has been documented in both clinical practice [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and experimental settings. [22] [23] [24] Early abnormalities on DWI thus overestimate the infarct core by including part of the penumbra, and the actual 'salvageable brain tissue' includes the D-P mismatch area and DLR.
Because substantial DLRs have been reported in clinical practice, it is widely accepted that DLR in the early stage is quite frequent in early recanalized or reperfused acute ischaemic stroke patients. 11, 12, 14, 16 However, whether DLR is sustained in the long-term remains controversial, and several studies have reported that most DLRs are miscalculated due to inaccurate coregistration and infarct shrinkage over time, apparent early diffusion lesion reversal (eDLR) is transient, and permanent DLR is uncommon and typically involves only a small volume of tissue. 12, 17, 18 However, there are limitations to achieving actual DLR in clinical practice because most IA treatments require 1 h or more to recanalize occluded arteries and pre-IA treatment magnetic resonance images (MRIs) do not reflect pre-reperfusion maximal diffusion lesions. Furthermore, there is no standard definition for sustained diffusion lesion reversal (sDLR). Some researchers have analysed sDLR with only 5 days of follow-up MRI studies after IA treatment, even though MRI studies during that period cannot accurately depict sDLR because severe brain swelling is still present at the infarction site during this period.
We hypothesized that an acute DWI positive lesion could be salvaged by reperfusion, and the salvageable tissue might be sustained 4 weeks later. In this study, to evaluate the extent of sDLR, we used a monkey stroke model with a prospective in-bore reperfusion technique and serial follow-up MRIs for 4 weeks.
Materials and methods

Experimental animals
Healthy rhesus macaques of both sexes (n ¼ 9, 4.6-6.7 kg) were subjected to transient endovascular middle cerebral artery occlusion (MCAO) and focal cerebral ischaemia. Two animals died during the postreperfusion follow-up period. The presumed causes of death were severe brain oedema due to large territorial infarction (n ¼ 1) and anaesthesia side effects (n ¼ 1). A total of seven animals were included and analysed in this study. The monkeys were housed in indoor individual cages and fed commercial monkey chow (Harlan, USA) supplemented with various fruits daily and water ad libitum. The environmental conditions were controlled to provide a temperature of 24 AE 2 C, a relative humidity of 50 AE 5%, 100% fresh air at a rate of !12 room changes per hour, and a 12:12 h light:dark cycle. Animals were fasted for 12 h prior to anaesthesia and MCAO. All housing conditions and experimental procedures were conducted according to the guidelines set by the Korea Research Institute of Bioscience and Biotechnology Institutional Animal Care and approved by the Korea Research Institute of Bioscience and Biotechnology Animal Care Committee. Reporting of the work complies with ARRIVE guidelines.
Endovascular MCAO and veterinary care
Animals were ventilated and anaesthetized with ketamine induction and 1.5-2% isoflurane in medical air. O2 saturation (SpO2), heart rate, respiration rate, and blood pressure were continuously monitored and maintained within normal ranges. 25 The animals were covered with blankets and warm saline bags to maintain body temperature (37 AE 0.5 C) during the endovascular procedures and MRIs. The whole body of the animal was fixed using a custom semi-hard plastic harness with Velcro-taped bands that did not disturb fluoroscopy, angiography or MRI, and the whole body of the animal was covered with disposable draping for paediatric angiography. A previously reported endovascular MCAO technique 26 was modified and applied. The right common femoral artery was aseptically approached using the Seldinger technique after a small skin incision. A 5 French arterial sheath (Sungwon Medical, Cheongju, Korea) was inserted using a 5 F micropuncture set (Merit Medical, South Jordan, UT). The right proximal internal carotid artery was selectively catheterized using a 0.035 00 guide wire (Terumo, Tokyo, Japan) and a 5 F catheter (Weinberg catheter, A&A Medical, Seongnam, Korea), and selective angiography was performed to obtain anterior-posterior and lateral views using a digital angiography unit (Allura Xper FD20, Philips Medical System, the Netherlands). To prevent thromboembolic complications during the endovascular intervention, an IV bolus of 500 units of heparin was injected after insertion of a femoral arterial sheath, and heparinized normal saline (3000 units in 1000 ml) was continuously flushed through the 5 F guiding catheter. Using doublefluoroscopic road map images, an appropriate endovascular occluder was advanced over the microguidewire (Synchro 14, Boston Scientific, Fremont, CA) and wedged in the distal M1 or superior M2 division branch of the right MCA. Contrast media (Iversense 240, Accuzen, Seoul, Korea) was carefully injected through the microcatheter, and flow arrest/stasis of the contrast media in the distal vasculature indicated successful MCAO ( Supplementary Figure 1 ).
Repeated diffusion MRIs and in-bore reperfusion
Baseline MRI was performed in all experimental animals with anaesthesia at 8 days before MCAO procedure to evaluate any underlying brain disease and to serve as a standard for comparison with the post-infarct status. Immediately after MCAO, the animal was transported to the neighbouring 3.0 T MRI (Achieva 3.0 T, Philips Medical Systems, Best, the Netherlands) suite while maintaining the endovascular MCAO. At 15 min after the MCAO procedure, post-occlusion diffusion-weighted MR images were acquired (DWI parameters of b ¼ 1000; FOV, 120 Â 120; matrix, 100 Â 100; TR/TE, 6937/56.3; FA, 90; NEX, 3.0; slice thickness, 1.8 mm/no gap; receiving coil, dual coil), and MRI was repeated every 10 $ 15 min thereafter (animals 1 $ 2, every 10 min; animals 3 $ 7, every 15 min) ( Figure 1 ). Right MCAO was maintained with stable vital signs to ensure the safety of the experimental animals under general anaesthesia. The microcatheter was removed to achieve reperfusion in the MRI scanner (in-bore reperfusion) after various durations of MCAO when the ADC-derived volume of the focal ischaemia had plateaued. Plateau was defined when the ischaemic lesions did not change for three consecutive MRIs and was determined by the pixelbased real-time volume analysis technique using image analysis software (ImageJ 1.46, NIH, Bethesda, MD, USA) and consensus of three experienced stroke neuroradiologists (S-H. Cha, C-H. Choi, K.S. Yi) ( Supplementary Figure 2 ). DSC perfusion MRI was performed immediately prior to reperfusion (DSC perfusion parameters: FOV, 120 Â 120; matrix, 64 Â 63; TR/TE, 1600/35; FA, 63; NEX, 1.0; slice thickness, 3.0 mm/no gap). Timeline of monkey stroke model using prospective repeated MRI and in-bore reperfusion. Baseline MRI was performed in all experimental animals with anaesthesia at 8 days before MCAO procedure to evaluate any underlying brain disease and to serve as a standard for comparison with the post-infarct status. After endovascular occlusion of the middle cerebral artery (MCAO), the experimental animals were transported to the MRI suite while maintaining endovascular MCAO. Post-occlusion diffusion MRIs (DWIs) were repeated every 10 $ 15 min thereafter (animals 1 $ 2, every 10 min; animals 3 $ 7, every 15 min). Transient right MCAO was maintained until the ADC-derived volume of the focal ischaemia had plateaued with variable duration to each animal (plateau was defined when the ischaemic lesions did not change for three consecutive DWI MRIs). Immediately prior to reperfusion, DSC perfusion MRI was performed to confirm diffusion-perfusion matching. Follow-up MRIs were performed at 3-h post-reperfusion (PR3h), 24 h and then every week for 4 weeks. (*D-8, 8 days before MCAO; y Prospective analysis was performed using ImageJ software for real-time determination of an acute phase diffusion lesion after MCAO to determine the time point for arterial recanalization; z Retrospective analysis was performed by a sophisticated processing method for precise lesional evaluation).
Post-operative care and follow-up MRI scans
After the in-bore reperfusion and immediate postreperfusion MRI scan, all interventional devices were removed, and postoperative veterinary care was provided to the post-stroke animals. Follow-up MR imaging was performed at 3 h (PR3h) after reperfusion to evaluate eDLR and then every week for 4 weeks (Figure 1 ).
MR data processing and analysis
Two different analysis techniques (prospective real-time analysis and retrospective analysis) were used in this study. The prospective real-time analysis technique (pixel-based analysis by ImageJ) used an absolute ADC cutoff value (650 Â 10 À6 mm 2 /s) for segmentation of an acute diffusion lesion. 27 It has advantages in the process speed, but it is less reliable than a relative threshold method. Therefore, a prospective real-time analysis technique was used only for rapid real-time assessment of the acute phase diffusion lesion after MCAO to determine the time point for arterial recanalization with the consensus of three experienced stroke neuroradiologists. Retrospective analysis was performed on all MR images of the entire time series for precise lesion analysis after the 4-week follow-up period. All data sets in digital imaging and communication (DICOM) format were transferred from the MR scanner to a personal desktop (Intel Carework How-4100, i7 quad core CPU, Ubuntu 12.04 LTS). All data sets were converted to three-dimensional NIFTI format using dcm2nii (MRIcron, http://www.mccauslandcenter.sc.edu/mricro/mricron/). All data were processed using the FSL software library (http://fsl.fmrib.ox.ac. uk/fsl/fslwiki/v5.0) and AFNI software package (http://afni.nimh.nih.gov/afni/). The following three processing steps were implemented ( Figure 2 ): (1) affine registration of the entire time series of ADC maps and FLAIRs to baseline FLAIR (normal brain parenchyma at 8 days before MCAO) using FLIRT in FSL; (2) lesion segmentation on ADC maps (after MCAO $ PR3h) and FLAIRs (PR24h $ 4 weeks) using ITKsnap software (http://www.itksnap.org/ pmwiki/pmwiki.php). (a) Conversion to relative ADC (rADC) map compared with the mean normal contralateral hemisphere. (b) Automatic thresholding (first step): lesion included voxels with value of rADC less than 80. [28] [29] [30] (c) Semi-automatic thresholding (second step): fine adjustment compared with pre-reperfusion ADC map to each animal with the consensus of three neuroradiologists. The results of adjustment ranged 78 $ 84 ( Supplementary Table 1 ); and (3) lesion volume measurements using fslstats in FSL. DSC MR Image processing and colour-mapping were performed by an academic perfusion analysis program (Perfusion Mismatch Analyzer [PMA], Acute Stroke Imaging Standardization Group [ASIST], Japan, http://asist. umin.jp/index-e.htm). Diffusion-perfusion status was determined by consensus of three neuroradiologists. The final infarction was segmented into segments of sufficient size to include the adjacent CSF space and cystic parenchymal defect area, as in previous studies. 17, 18 DLRs at 2 weeks ( 2W DLR, n ¼ 7) and 3 weeks ( 3W DLR, n ¼ 6) were also calculated to compare with the results of e-and sDLRs.
DLR
We used ADC-derived 3D voxel-based lesion analysis in retrospective analysis to evaluate diffusion lesions with greater objectivity and accuracy than can be obtained by visual determination and manual outlining of the DWI lesion. To evaluate the effect of recanalization in the acute and chronic stages, eDLR and sDLR were examined, respectively. eDLR was defined as the ADC-derived hemispheric lesion difference between the pre-reperfusion maximal ischemic lesion volume (ADC D-P Match ) and the lesion volume at postreperfusion 3 h (ADC PR3h ). sDLR was defined as the volume difference between ADC D-P Match and the lesion volume on FLAIR at the 4-week follow-up (FLAIR 4w ) ( Figure 3 ). 2W DLR and 3W DLR were also calculated similarly to sDLR as the volume differences between ADC D-P Match and the lesion volumes on FLAIR at the 2-and 3-week follow-up. The following ratios were also calculated: eDLR/ADC D-P Match ( 
Results
Temporal evolution of focal ischemia/infarct lesion volumes
Representative serial MR images and temporal changes in lesion volumes are presented in Figures 3 and 4 . The ADC D-P Match were 12.5 AE 9.6% (mean AE SD). The ADC PR3h were decreased to 7.6 AE 4.5% (mean AE SD), and the FLAIR 4w ranged from 0.9 to 20.8% (Table 1) .
DLRs
eDLR was observed in all seven animals (0.2 $ 6.8% hemispheric lesion volume (HLV)), and the ratio of eDLR ranged from 8.3 to 51.9% (mean AE SD, 26.9 AE 15.3%). sDLRs were detected in all animals (6.6 AE 4.2%, mean AE SD), and the ratio of sDLR ranged from 41.7 to 77.8% (mean AE SD, 65.4 AE 12.2%) ( Figure 5 ). 
Diffusion-perfusion status at the time of recanalization
DSC perfusion MRI was obtained in four animals (animals 1, 4, 5 and 6) immediately prior to reperfusion. Perfusion MRIs (CBV and CBF maps) were compared with pre-reperfusion diffusion MRIs, demonstrating a diffusion-perfusion match ( Figure 6 ).
Discussion
We induced transient ischaemic stroke in nonhuman primates using an endovascular technique.
The reperfusion time point for our transient ischaemic stroke model was determined using prospective and repeated diffusion MRIs, and reperfusion was achieved using the in-bore reperfusion technique. Reperfusion was performed when the lesion volume had plateaued to ensure that the lesions had a diffusion-perfusion match; thus, the infarct durations differed among the animals. MRI follow-up was performed for 4 weeks after reperfusion, and the lesion was evaluated by 3Dvoxel-based analysis to achieve enhanced accuracy and objectivity. In summary, we observed sDLR and early reversal in all animals.
Choice of experimental animals
We used macaques for the endovascular MCAO model because they have gyrencephalic brains and a vascular anatomy more similar to that of humans, with fewer vascular collaterals, than baboons. 26, 31 According to the updated STAIR recommendations, 32 efficacy studies should be performed in both male and female animals; therefore, we used animals of both sexes in this study.
Endovascular MCAO
Several MCAO methods have been developed and surgical and endovascular methods are most frequently used in nonhuman primates. An advantage of surgical methods is the ability to produce reproducible infarcts, Figure 3 . Coregistered serial MR images of experimental animals subjected to endovascular MCAO and in-bore reperfusion. Early DLR (eDLR) was defined as the ADC-derived hemispheric lesion volume (HLV) difference between the pre-reperfusion lesion (ADC D-P Match ) and the lesion volume at 3 h after reperfusion (ADC PR3h ), and sustained DLR (sDLR) was the volume difference between the ADC D-P Match and the lesion on the 4-week follow-up FLAIR MRI (FLAIR 4w ) after the procedure. Affine registration was applied to all images for intrasubject coregistration.
but invasiveness is a limitation of surgery. Head injury is not involved in the natural pathophysiological process of human stroke and could thus be a major confounding factor in infarct animal models generated using surgical methods. 33 Furthermore, for infarcts generated via surgical methods, repeated/prospective in-bore MRIs are not suitable because the images are susceptible to artefacts caused by the surgical materials. Endovascular methods of MCAO are less invasive and, like surgical methods, can produce reproducible infarcts. Earlier endovascular models used balloons, glue or thrombus injection and often produced large infarcts with variable locations and extents. 26 We used a modified version of the endovascular MCAO technique described by de Crespigny et al. 26 to generate smaller and reproducible infarctions. MR-compatible microcatheters of various sizes with non-magnetic tips were used for the first time in this study to generate MCA occlusions of different vascular sizes with the aim of occluding an M2 branch of the MCA. This method resulted in reduced morbidity/mortality and allowed us to obtain hyperacute infarction and perform repeated/prospective in-bore MRI.
Timing of recanalization and variable duration of MCAO
The time from onset to completion of ischaemic stroke varies among individuals depending on the site of vessel occlusion, degree of collateral blood supply, systemic blood pressure, blood volume, serum glucose and other factors. 34, 35 We assumed that an MCAO model with a fixed duration of arterial occlusion would not guarantee similar ischaemic damages in all experimental animals and would limit the ability to evaluate the effect of recanalization. In our study, the acute ischaemic lesions expanded at different rates in each animal and eventually plateaued on prospective repeated diffusion MRIs. Then, we recanalized the occluded arteries and our endovascular model had variable duration of MCAO. When the diffusion lesion reached to the maximum, it is supposed to be a diffusion-perfusion match 36 and the ischaemic lesions exhibited very little diffusion-perfusion mismatch of our qualitative analysis at this time point.
Assessment of focal cerebral ischaemia on ADC map
To evaluate sDLR, we used the 3D voxel-based analysis technique with ADC maps rather than DWIs. Previous studies of DLR in humans, including EPITHET, DEFUSE and DEFUSE 2, 12,17-19 used visual determination and two-dimensional manual outlining of the DWI lesion because quantitative ADC thresholds tend to be inaccurate. 17 The ADC thresholding technique is limited by heterogeneity among individuals and the overlap of different time series and ADC between the normal parenchyma and infarct core. However, ischaemic lesion determination and delineation by ADC analysis has advantages in terms of interrater agreement and accuracy compared with the DWI outlining technique. 37 Furthermore, we defined ADC-derived lesions using relative ADC values in reference to those of contralateral normal brain parenchyma rather than absolute ADC values because relative ADC values more accurately indicate tissue viability. 38, 39 eDLR and sDLR
There are two main differences in our study when compared with previous clinical studies: the eDLR/sDLR was always present in all animals, and the sDLR was larger than the eDLR. Prior clinical studies have shown that eDLR is quite frequent (7À50% incidence and 0.9À17.5 ml volume) in early recanalized or reperfused acute ischaemic stroke patients. 11, 12, 14, 16 However, we found eDLR in all of our study animals. This suggests that the diffusion lesion volumes on the initial MRIs (i.e. baseline MRI) of acute stroke patients do not reflect the 'immediate pre-reperfusion' ischaemic lesion volume in clinical settings. IA or IV treatment requires time to recanalize occluded arteries and may explain why diffusion lesion volume on follow-up MRIs (immediately or 1 day after the procedure) was frequently larger when compared with the initial MRI, even when recanalization was successful and clinical symptoms improved. We used the in-bore reperfusion technique to obtain a true 'immediate pre-reperfusion' lesion volume similar to the baseline lesion volume.
Previous clinical studies reported that sDLR is infrequent and often transient. 12, 17, 18 Furthermore, Inoue et al. used initial DWI MRIs and 5-day follow-up FLAIR MRIs to calculate sDLR; therefore, these data cannot be directly compared with our study. When compared with other studies, 17, 18 our most unique findings is an sDLR larger than the eDLR. According to preliminary research on the correlation of FLAIR MRI and histopathology in one animal (animal 7) at the 4-week follow-up period, sDLR regions that had normal signal intensities on the FLAIR MRI showed prominent astrocytosis and neuronal damage despite a normal signal intensity on the MRI (Supplementary Figure 4) . The histopathological findings in the ischaemic penumbra or peri-infarct region have varying degrees of scattered neuronal injury, i.e. 'incomplete infarction'. [40] [41] [42] Few studies have described the histopathological findings of eDLR regions. These data showed an incomplete infarction, including selective neuronal necrosis in 10-or 20-min-transient MCAOs in rats. 24, 43 We found histopathological characteristics in the sDLR region that contrast with these studies; therefore, FLAIR images are unable to fully depict microischaemic pathological abnormalities of the brain, and this discrepancy may result from the spatial resolution difference between MRI and histology to detect tissue damage. 24, 43, 44 Animals 5 through 7 had relatively small eDLRs when compared with the other animals. Animals 5 through 7 had similar infarct characteristics, including relatively small infarct volumes and the involvement of mainly cortical areas. This effect resulted from an attempt to occlude the M2 distal branch selectively to decrease mortality. This result might be explained by a recent report that white matter is more prone to DLR than the cortex. 10 
Clinical implications of sDLR
According to recent randomized, multicentre clinical trials (MR CLEAN, ESCAPE, EXTEND-IA, SWIFT PRIME and REVASCAT) exploring the efficacy and safety of treatments for acute ischaemic stroke patients, IA treatment is related to positive clinical outcomes. [1] [2] [3] 45, 46 The treatment options for stroke patients with large artery occlusions have consequently been modified. In those clinical trials, the final infarct volume was relatively small in the IA treatment groups compared with the non-intervention groups, 1, 3, 45 reflecting the salvage of ischaemic tissue by early recanalization. Those trials focused on clinical outcomes rather than the amount of salvageable tissue or DLR and there were no imaging evidences to prove direct influence of arterial recanalization. We presumed that DLR is a part of the salvageable tissues in those clinical trials, but could not compare the clinical status of the animals studied here before and after reperfusion because of an in-bore reperfusion technique under general anaesthesia. Further studies of the clinical implications of DLR would facilitate the proper evaluation of DLR.
Limitations
The main limitation of our study is that the number of experimental animals was small. However, sDLR was consistently observed in this study, and this finding may not be altered by the studies with larger experimental populations. The second limitation is the unsatisfactory correction of acute brain swelling and chronic atrophy. Despite our best efforts to compensate for the effect of local brain shrinkage for global registration compared with baseline FLAIRs, we were not able to compensate for local anatomic differences due to brain shift from swelling or atrophy. Shift of water content in acute brain swelling and chronic atrophy may distort results of sDLR lesion and sDLR in our study might be overestimated because of the effect of enlargement of the anatomic area of a pre-reperfusion maximal lesion (ADC D-P Match ). To overcome 'pseudo' reversal effect of diffusion lesion, we calculated the volume differences between ADC PR3h and FLAIR 4w (Supplementary Figure 5 ), because ADC PR3h had decreased effect of the enlargement of anatomic area. Also substantial were DLRs at 2 and 3 weeks after MCAO ( 2W DLR and 3W DLR), time points at which no or less brain shrinkage is observed ( Supplementary Figure 3) . Thirdly, the animals were young adults according to the lifespan of the rhesus monkey; therefore, it is unclear whether these results can be generalized, further studies using older animals are needed. Finally, although the use of ADC map and 4-week FLAIR is well accepted in the previous clinical literatures for the analysis of the sustained DLR, 17, 18 the use of different MR imaging methods of lesion definition in acute and chronic stages might be a limitation of this study.
Conclusion
Substantial sDLR and early reversal were observed in all animals of the nonhuman primate model of transient focal cerebral ischaemia with diffusion-perfusion matching. Our results show that ischaemic brain tissue could be salvaged after recanalization of the occluded artery, and might be imaging evidences for the better clinical outcomes of the recent clinical trials of IA recanalization treatment in acute stroke patients. Future studies should explore the histopathological correlations and clinical implications of DLR.
